The present study analyzed the acute effects of an incremental running test on countermovement jump (CMJ) (pre-posttest1, p = 0.001) and handgrip strength (pre-posttest2, p = 0.017) 
Introduction
Previous muscle contractions of skeletal muscle play a pivotal role in the subsequent performance from that muscle group (Kilduff et al., 2007; Wilson et al., 2013) . Muscle contractions may acutely decrease or increase force production in a subsequent motor activity: force depression after a previous muscle contraction is known as fatigue, while force enhancement is defined as post-activation potentiation (PAP) (Batista et al., 2007) . Any previous muscle activity can trigger both PAP and fatigue mechanisms. Thus, the performance enhancement depends on the prevalence of PAP mechanisms over fatigue mechanisms, which is modulated by several factors including, but not limited to, sociodemographic characteristics of subjects like sex (Russ et al., 2008) or training experience (Kilduff et al., 2007) , the recovery time (Gołaś et al., 2016; Kilduff et al., 2008) , and the type, intensity as well as volume of the conditioning activity (CA) performed (Gołaś et al., 2016; Wilson et al., 2013) . explosive, shorter and intensive stimuli can be used as a CA, but also sub-maximum and longer or prolonged exercises can cause PAP for subsequent activities (Boullosa and Tuimil, 2009; Boullosa et al., 2011; García-Pinillos et al., 2015; Vuorimaa et al., 2006) . Hamada et al. (2000) indicated that endurance training caused, on one hand, a greater amount of phosphorylation of regulatory myosin light chains in slow fibers, and on the other hand, greater resistance to fatigue, which would allow the prevalence of potentiation as well as explain the PAP presence in endurance athletes.
Muscle fatigue is a complex phenomenon resulting from impairment in the neuromuscular system (Allman and Rice, 2002; Russ et al., 2008; Zajac et al., 2015) . This impairment is shown as a decline in peak force generating capacity. Greater resistance to fatigue has been associated with sex, less fatigue in women than men (Clark et al., 2005) , although these results are not universal (Russ et al., 2008) . The results of several studies have suggested that differences in muscle mass, strength (Lanza et al., 2004) , and peripheral nervous system excitability (Allman and Rice, 2002; Russ et al., 2008) do not consistently explain sex-related differences in the fatigue of voluntary contractions, particularly during high-intensity intermittent contraction protocols. The role of central activation in sex-related differences in fatigue is equivocal. Previous studies have reported that fatigue resistance of young women compared with young men is accompanied by reduced central activation failure in women (Russ and Kent-Braun, 2003) , although other research has shown (Ros et al., 2013) no differences in central activation. In this regard, the presence/absence of supraspinal fatigue (or central fatigue) during running exercises can be determined by changes in the force of muscles not involved in a prolonged running exercise (i.e., handgrip strength test) (Kilduff et al., 2007; Martin et al., 2010; Paavolainen et al., 1999) . Likewise, the recovery time between the preload stimuli and subsequent explosive activity is also a controversial topic, with studies reporting optimal recovery periods ranging from 0 to 18.5 minutes (Kilduff et al., 2007 (Kilduff et al., , 2008 Wilson et al., 2013) .
After a CA protocol (i.e., running exercises), the mechanism of muscular fatigue and PAP coexist, and thus, the subsequent power output and performance depend on the balance between these two factors. As highlighted before, some previous works have already focused on examining the effect of fatigue on performance in explosive tasks. However, the literature available about the influence of variables such as sex or recovery time is scarce, and as a result, there is no consensus on this matter. It is possible that sex and the recovery period play a key role in that relationship and, more research is needed in this field. Therefore, the aim of this study was to analyze the acute effects of an incremental running test on countermovement jump (CMJ) and handgrip strength performance in endurance athletes, considering the influence of variables such as sex and post-exercise recovery time.
Methods

Participants
Thirty-three recreationally trained longdistance runners, 20 men (age = 32 ± 10 years, body mass index [BMI] = 21.6 ± 2.4 kg . m -2 and maximal oxygen uptake (VO2max) = 57 ± 3 ml . kg -1. min -1 ) and 13 women (age = 28 ± 7 years, BMI = 20 ± 1.5 kg . m -2 and VO2max = 50 ± 4 ml . kg -1. min -1 ), voluntarily participated in this study. The subjects came from different athletic clubs in Andalusia (Spain), and the assessment protocol was performed during the competitive period. Inclusion criteria were: (a) the subjects were experienced athletes, with a minimum of two year experience of training and competition; (b) the subjects trained regularly and they had no history of injury in the previous three months that would limit training. No alcohol intake was allowed the day before testing, strenuous physical exercise was not allowed for 72 hours prior testing, and food intake was not permitted two hours before the test. After receiving detailed information on the objectives and procedures of the study, each subject signed an informed consent form for participation, which complied with the ethical standards of the World Medical Association Declaration of Helsinki (2013) . The study was approved by the Ethics Committee of the University of Jaen (Spain).
Procedures
This study examined the effect of sex and recovery duration on CMJ and handgrip strength performance after an incremental running test.
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This allowed a comparison to be made between performance at rest (unfatigued condition) and at different stages of recovery (fatigued condition). For this study, an original assessment protocol was used. Nevertheless, the tests performed were included in previous works (Boullosa and Tuimil, 2009; Boullosa et al., 2011; García-Pinillos et al., 2015) . The subjects were familiarized with the testing protocol. Participants were tested on an indoor court, individually, on one specific day, and the tests were performed in the same order. Testing was integrated into weekly training schedules, although the participants were advised to avoid strenuous exercise 72 h before its beginning. Participation involved the execution of the Léger test (Léger et al., 1988) . In addition, the CMJ performance and handgrip strength were evaluated before and after the Léger test, as well as at different stages of recovery: at the 1 st min of recovery (posttest1), 5 th min of recovery (posttest2), and 10 th min of recovery (posttest3). The participants were encouraged to perform the test with maximum intensity.
At the beginning of the testing day, a body composition analysis through InBody R20 (Biospace Co., Ltd., Seoul, Korea) was carried out. This device measured body mass (kg) and fat content (%). Body height (m) was determined following a standard procedure with a stadiometer (Seca 222, Hamburg, Germany), and the BMI (weight in kg . m -2 ) was calculated accordingly. Next, the subjects performed a standardized warm-up, which consisted of five minutes of low-intensity running and five minutes of general exercises. Five minutes after the warm-up, the participants performed the pretest (CMJ and handgrip strength test, in that order). Afterwards, they completed the Léger test and, finally, in the fatigued condition (posttest), they performed the same tests (CMJ and handgrip strength test) during the recovery: at the 1 st min of recovery (posttest1), 5 th min of recovery (posttest2), and 10 th min of recovery (posttest3).
Materials and instruments
The Léger test (Léger et al., 1988) consists of running back and forth between two lines 20 m apart, with running speed determined by audio signals from a pre-recorded CD. The running speed increases at the end of each one-minute stage. The running speed is 8.0 km . h -1 for the first stage, 9.0 km . h -1 for the second stage, and thereafter increases by 0.5 km . h -1 each minute. The test ends with the subjects twice failing to reach the lines at the time indicated by the audio signals, demonstrating inability to keep the required pace. It has been used extensively in various studies with endurance runners (García-Pinillos et al., 2016a , 2016b showing a good correlation with other performance variables (Billat and Koralsztein, 1996) . VO2max can be estimated (Léger and Lambert, 1982) through the speed that the participants reached in the last sprint through the following equation: VO2 (ml . kg -1. min -1 ) = 5.857 x velocity (km . h -1 ) -19.458. The heart rate (HR) was controlled during the test through a Garmin Forerunner monitor 405 (Kansas, USA), obtaining the peak HR (HRpeak), and the average value (HRmean). In addition, the rating of perceived exertion scale (RPE) (Borg, 1982) was completed by participants before and after the test to register the subjective intensity of exertion.
For assessing vertical jumping ability, the CMJ test was performed. In each measurement (pretest, posttest 1, 2, and 3) the participants performed 3 trials, separated by 15 s of recovery. From a standing position, the participants were to dip and immediately jump for maximum height. The takeoff was to be performed as a continuous movement with no observable pause between downward and upward phases. The angular displacement of the knee was normalized so that subjects were required to flex the knees to an angle of approximately 90 degrees, no arm swing was allowed. The obtained values were averaged for the analysis. Jump test performance was recorded using the FreePower Jump Sensorize (Biocorp, Italy) device, which provides the following variables: maximum height of the jump (m), peak force (Pforce; N . kg -1 ), peak power (Ppower; W . kg -1 ), eccentric work (EccW; J . kg -1 ) and concentric work (ConcW; J . kg -1 ). This device had been previously validated (Picerno et al., 2011) . The difference between the CMJ performance at different measurements was calculated and used in subsequent analysis (Δ).
The handgrip strength test was executed during each measurement (pretest and posttest1, 2 and 3), after vertical jump tests. Two attempts of the handgrip were performed with each hand, lasting 3 s each, and separated by 60 s of recovery. 
Results
Additional information on body composition and physical fitness of the participants is given in Table 1 . The Student´s ttest showed significant differences (p < 0.05) in body composition variables (BMI, muscle mass, fat mass) and physiological variables (VO2max, HRpeak and HRmean) in relation to sex. No significant differences (p ≥ 0.05) were found in the HRrec and training background (training experience, weekly mileage and sessions per week) according to sex. 
Figure 1 Scatter chart graph between ∆CMJ (difference posttest1-pretest exercise) and heart rate recovery in the 1 st min (HRrec).
The ANOVA showed significant differences in performance throughout the assessment protocol (Table 2) . For the whole group, significant differences in handgrip strength (between pretest-posttest2, p < 0.05), the CMJ (between pretest-posttest1 and posttest1-posttest3, p < 0.05), and mechanical variables: Ppower (p = 0.007), EccW (p = 0.042) and ConcW (p = 0.001) were found. According to sex, significant differences in CMJ performance for men (p = 0.007) and EccW for women (p = 0.047) were observed.
The Pearson correlation analysis showed significant relationships between ΔCMJ (from unfatigued condition, pretest, to posttest1) and HRrec (R = -0.467, p = 0.005). HRrec was indicated as a predictive factor of ΔCMJ, adjusting for age and sex (Figure 1) .
Cluster analysis in relation to ΔCMJ between pretest and posttest1 was performed. This analysis grouped the participants into 25 who experienced PAP (responder group, RG: 16 men and 9 women) and 8 who did not (non-responder group, NRG: 4 men and 4 women). The Pearson´s Chi-2 test showed no significant association (p ≥ 0.05) between sex and PAP. Considering both groups, a significant difference in handgrip strength (p = 0.009) was found for the RG between pretest-posttest2, while in the NRG no such a change was observed.
Discussion
The main aim of this study was to analyze the acute effects of the Léger test performance on the CMJ and handgrip strength test performance in endurance athletes, determining whether fatigue reached would be higher than the PAP effect (impairment of performance) or the opposite (improvement of performance). The major finding of this study was that performance © Editorial Committee of Journal of Human Kinetics in the CMJ and handgrip strength was not reduced after the Léger test in long-distance runners. In fact, despite significant fatigue, the CMJ performance improved after 1 minute of recovery (+2 cm) and handgrip strength increased after 5 minutes of recovery (+1.08 kg), thus PAP occurred. To establish to what extent the subjects reached objective fatigue and to register recovery after the running test, HR values and the RPE scale (Borg, 1982) were used. Immediately after performance of the Léger test, HRpeak for men and women was 184 and 194 bpm, HRmean 161 and 171 bpm, and median RPE was 16.45 and 15.84 (very hard), respectively, which could be interpreted as reflecting high levels of fatigue (Borg, 1982; Ros et al., 2013) .
The improvement of post-exercise CMJ performance (PAP) registered in this study confirms the results obtained in similar studies conducted previously (Bomfim Lima et al., 2011; Boullosa and Tuimil, 2009; Boullosa et al., 2011; García-Pinillos et al., 2015) , where significant differences were found after completion of the running test compared to baseline values. Regarding handgrip strength, as indicated in Paavolainen et al. (1999) , the decreased muscular force in those muscles not involved in the exercise (handgrip strength) revealed supraspinal fatigue. Other authors (Kilduff et al., 2007; Martin et al., 2010) examining whether supraspinal fatigue would occur after prolonged exercise, noted the absence of changes in the force of muscles not involved in a prolonged running exercise through measuring handgrip strength. Considering this rationale, the results obtained in this study could indicate that selective supraspinal fatigue does not occur in this type of exercise.
The second aim of this study was to determine the influence of post-exercise recovery time on considered performance variables (CMJ and handgrip strength). This could be assessed clinically whether these tests are sensitive enough to detect when an endurance athlete is in his/her optimal moment of recovery. To date, a limited number of studies examining post-conditioning activity rest periods has yielded varying and often conflicting results. These studies, collectively, suggest that brief (5 min), moderate (8-12 min) and extensive (18.5 min) recovery duration may elicit PAP (Gołaś et al., 2016; Kilduff et al., 2007; Wilson et al., 2013) . The results obtained in this study show the effect of PAP in vertical jumping ability in the 1st min posttest (+2 cm), as well as the capacity for maintaining the initial jumping performance during 10 min posttest. McMahon and Jenkins (2002) further explain this phenomenon. This effect could be caused by a complete recovery of phosphocreatine and would be achieved between the first and second minute of recovery in endurance-trained runners. In this regard, the results obtained in the present study are consistent with the above rationale. The inverse correlation found between ΔCMJ (pretestposttest1) and HRrec suggests that the PAP condition is related not only to recovery of phosphocreatine (McMahon and Jenkins, 2002) , but also cardiac recovery. Since HRrec has been described as an indicator for functional adaptation in trained subjects in endurance sports (Otsuki et al., 2007) , the obtained results might indicate that runner´s ability of experiencing PAP after an incremental running exercise is related to training adaptations in endurance athletes. Nevertheless, this finding should be cautiously interpreted and more research is clearly needed to confirm this relationship. These findings differed based on training status, possibly explaining previous discrepancies in the literature. As for the muscles not involved in the CA, the results obtained in this study show a significant improvement in handgrip strength performance 5 min post-exercise (+1.08 kg) with respect to baseline values. To our knowledge, there are no previous studies on the recovery profile considering muscles not involved during running. The results obtained in this study suggest the association between this fact and the absence of central and supraspinal fatigue after an incremental running test.
The third aim of this study was to analyze the influence of sex on the responsiveness of CMJ and handgrip strength performance to an incremental running test. Our findings indicate that sex is not an influential variable in this protocol. The researchers kept in mind that the study subjects had a similar sports level and constituted a homogenous group. Men presented a higher performance throughout the test, which was consistent with previous studies (Gonzales and Scheuermann, 2007; Ros et al., 2013; Russ et al., 2008) . However, the data for male and female subjects show similar trends during the whole (Laurent et al., 2010) . In contrast, results consistent with the present study were reported by previous works (Gonzales and Scheuermann, 2007; Russ et al., 2008; Wilson et al., 2013) , in which no differences between sex in different conditions were observed. Such discrepancies in the findings of the aforementioned studies could be attributable to the different muscles being studied, different tests or protocols used or, simply, to different characteristics of the study subjects.
Based on previous studies (Boullosa and Tuimil, 2009; Boullosa et al., 2011; García-Pinillos et al., 2015) and for a better understanding of the results obtained, we decided to incorporate cluster analysis, as members of the same cluster are likely to have more similar responses. Two clusters of endurance athletes were obtained from the different magnitude of the ∆CMJ. As mentioned above, these clusters were categorized as responders (RG, n = 25; 16 men and 9 women) and non-responders (NRG, n = 8; 4 men and 4 women). Based on this analysis, we can strengthen our previous conclusions: men and women are divided equally between the RG and NRG and therefore, experiencing PAP is not associated with sex; additionally, the RG showed an increase in handgrip strength under fatigue (posttest2), while in the NRG no such a change was observed.
In conclusion, our findings show that PAP occurs after an incremental running exercise (Léger test) in endurance athletes. Despite significant fatigue reached during the running protocol, experienced female and male longdistance runners did not decrease their CMJ and handgrip strength performance achieving an improvement (PAP) in the posttest condition. A significant effect of recovery after running at high intensity on CMJ performance and handgrip strength was found. Specifically, the CMJ performance improved at the 1st min posttest, while handgrip strength performance increased after 5 min of recovery. Moreover, the data suggest that HRrec can identify the capacity of PAP in long-distance runners. Lastly, the obtained results show no significant association between sex and PAP.
